ABSTRACT Many natural enemies of bark beetles are attracted to bark beetle pheromones, and substantial numbers of them are removed along with the target pests in mass trap-out programs. Thus, additional information on bark beetle and predator behavior is needed to maximize trap-out of target pests while decreasing trapping of beneÞcial insects. Ips pini (Say) is the most widespread bark beetle associated with pine trees in the United States and Canada. Geographically distant populations vary considerably in their production of, and response to, different stereoisomers of their principal pheromone component, ipsdienol, and an additional pheromone component, lanierone. California populations of I. pini are attracted to 99.9%(Ð)-ipsdienol, and the presence of lanierone has no effect on attraction. We simulated trap-outs by conducting no-choice assays using three different ratios of (ϩ)/(Ϫ) enantiomers of ipsdienol with or without lanierone in the Þeld. Experiments were performed in mixed pine forests in northern California in 1997 and 1998. Experiments were performed twice each year to sample the two major ßight periods of I. pini. Ips pini and its predators showed temporal and behavioral differences in their attraction to lures. Lures that are preferred by I. pini, 3(ϩ)/97(Ϫ) ipsdienol with or without lanierone, selectively removed up to 5Ð7 times more pests than predators during early summer. Moreover, the ratios of pest to predators were much higher in the late than early summer, and pest numbers were as much as 282 times higher than predators. In contrast, lures most attractive to predators removed as much as 10 predators for each I. pini trapped. These results suggest that timely applications of carefully selected synthetic lures, in combination with other complementary forest management practices, can greatly improve trap-out programs for bark beetles and natural enemy conservation. In addition, behavioral differences in attraction suggest the potential for augmentation of natural enemies.
1995b, Valkama et al. 1997) . Because natural enemies can play an important role in regulating bark beetle populations (Dahlsten and Stephen 1974; Linit and Stephen 1983; Amman 1984; Turchin et al. 1991 Turchin et al. , 1999 Weslien 1992 Weslien , 1994 Weslien and Regnander 1992; Reeve 1997) , their removal during trap-out may adversely affect management objectives (DeMars et al. 1986) .
Despite the ability of natural enemies to exploit beetle pheromones, subtle but signiÞcant disparities in the responses of predators and prey to beetle pheromones have been reported (Raffa and Klepzig 1989; Herms et al. 1991; Raffa 1991; Raffa and Dahlsten 1995; Aukema et al. 2000a Aukema et al. , 2000b . These differences in response to stereoisomers, synergists, and plant volatiles along with differences in spatial and temporal patterns have been proposed to reßect a coevolving system allowing the beetles partial escape from predation (Raffa and Klepzig 1989 , Herms et al. 1991 , Raffa and Dahlsten 1995 . Such adaptations may provide an opportunity for developing lures that are selective for pest beetles or their natural enemies. This may allow managers to reduce impacts on natural enemies while optimizing trap catches of the target pest or to locally increase predator-to-prey ratios to improve natural biological control.
Ips pini (Say) is the most widespread bark beetle associated with pine trees in the United States and Canada (Livingston 1979) . In California and other portions of its range, it is most commonly a problem during harvest operations, where it may reproduce in slash and move into small diameter regeneration or kill tops of mature trees. It also frequently colonizes weakened trees or trees already killed by more aggressive primary bark beetle species (Sartwell et al. 1971 , Livingston 1979 , Klepzig et al. 1991 .
Geographically distant populations of I. pini vary considerably in their production of, and response to, different stereoisomers of their principal pheromone component, ipsdienol, and a synergist, lanierone. California and Idaho populations are attracted to 99.9%(Ϫ)-ipsdienol, whereas eastern and midwestern populations respond to a racemic to slightly positive blend (Lanier et al. 1972 (Lanier et al. , 1980 Birch et al. 1980; Raffa and Klepzig 1989; Seybold et al. 1992) . Further, the presence of lanierone increases attraction in eastern and midwestern, but not California populations (Miller et al. 1997) . The species composition of the predator complex associated with I. pini also differs geographically. In California, Enoclerus lecontei (Wolcott) (Coleoptera: Cleridae) and Temnochila chlorodia (Mannerheim) (Coleoptera: Trogositidae) are most common (Seybold et al. 1992, Raffa and Dahlsten 1995) , whereas in Wisconsin, Thanasimus dubius (F.) (Coleoptera: Cleridae) and Platysoma cylindrica (Paykull) (Coleoptera: Histeridae) are the most abundant predators (Raffa and Klepzig 1989; Raffa and Dahlsten 1995; Aukema et al. 2000a Aukema et al. , 2000b Erbilgin and Raffa 2001) .
We investigated the feasibility of reducing the predator:prey ratio caught in pheromone-baited traps, or, alternatively, locally increasing this ratio to augment natural biological control. This work was conducted in conjunction with a parallel project in Wisconsin described in Aukema et al. (2000b) .
Materials and Methods
Experimental Design and Procedure. We conducted simulated trap-out experiments in mixed pine forests of Pinus ponderosae Dougl. and Pinus jeffreyi Grev. and Balf. in 1997 and . The study sites were located in Lassen National Forest, Lassen County, in northern California. Plots were located in the Blacks Mountain Experimental Forest at Patterson Flat (N40Њ 44.96Ј, W121Њ 09.30Ј) and near Poison Lake (N40Њ 41.00Ј, W121Њ 12.93Ј). The experiments consisted of a series of no-choice tests in a Latin-square design. Three different ratios of (ϩ)/(Ϫ) enantiomers of ipsdienol, 3(ϩ)/97(Ϫ); 50(ϩ)/50(Ϫ); 75(ϩ)/25(Ϫ), were presented, each with or without lanierone, for a total of six pheromone treatments. The synthetic lures were obtained from Phero Tech Inc. (Delta, British Columbia, Canada). The release rates of synthetic lures from polyvinyl bubble capsules were 110 and 10 g/d of ipsdienol and lanierone, respectively, at 25ЊC.
In each of six plots, nine 12-unit multiple funnel traps (Lindgren 1983) were deployed in a 3 ϫ 3 grid with 10 m between traps. The plots were separated by a minimum of 300 m. Traps were hung on freestanding metal stands with the tops 2 m above ground level. All traps within a plot were baited with the same randomly selected treatment. Lures were attached to the middle funnel of the traps, and a 3 ϫ 3 cm timereleased insecticidal Vapona strip was placed in the trap cup to kill arriving insects and prevent damage to I. pini by predation. Trap catches were collected every three days over an 18-d span, for a total of six sample periods. Treatments were rerandomized among the six plots at each collection date.
The experiment was conducted twice annually to sample the two ßight periods of I. pini that occur in northern California. Adults typically start to ßy in early to midsummer, and show the second peak toward the end of summer. Monitoring traps were deployed to estimate emergence and subsequent dispersal of I. pini at the beginning of May. The time of Þrst emergence varied between years because of the temperature dependent life cycle of these insects (Gara et al. 1999) . In 1997, the Þrst ßight, which we hereafter refer to as Ôearly 1997,Õ was sampled from 13 June through 1 July, and the second ßight, referred to as Ôlate 1997,Õ was sampled from 15 July through 2 August. In 1998, the Þrst ßight, Ôearly 1998,Õ was from sampled 19 July through 6 August, and the second ßight, Ôlate 1998,Õ was from sampled 2 September through 20 September.
Statistical Analyses. We limited statistical analyses to species for which substantial numbers (number/ ßight period Ն50) of insects were caught. Data were evaluated by analysis of variance (ANOVA). Each variable was tested to satisfy assumptions of normality and homogeneity of variance (Zar 1996) by graphical analysis of residuals (Neter et al. 1983 ). We used a ͌x transformation, because the insect counts approximated the Poisson distribution. Dependent variables were analyzed with a replicated Latin-squares mixed effects model (Systat GLM, SPSS 2000) . Treatments, ßight, ßight by treatment interactions, sampling interval, and plot were used as Þxed effects, and trap within plot was treated as a random factor.
TukeyÕs honestly signiÞcant difference test was used for multiple comparisons of means. We calculated means and standard errors of untransformed variables for those insect groups that had signiÞcant differences among treatments for each ßight. Because numbers of E. sphegeus were very small (overall mean Ͻ0.03 insects/trap), we did not report data for this species separately. We also combined numbers of predator species that showed signiÞcant treatment effects (E. lecontei, T. chlorodia, and E. sphegeus Fabricus). For I. pini, E. lecontei, and T. chlorodia, significant year-by-treatment interactions indicated that response to treatments varied by year (for each species, F 5,30 Ն 3.11 and P Յ 0.0223). We thus performed a Latin-square analysis of variance on each year-ßight period separately.
Results
The total numbers of insects caught in 1997 and 1998 are summarized in Table 1 . Voucher specimens are in the Essig Entomology Museum, University of California, Berkeley. The most abundant herbivore was I. pini, which comprised Ϸ84% of 4262 insects, followed by cerambycids, buprestids, and Pityogenes carinulatus (LeConte). The most frequent species identiÞed among predators were T. chlorodia, E. lecontei, and Lasconotus sp. Lasconotus was uncommon in 1997, but was trapped in high numbers in both ßight periods in 1998 (Table 1 ). There was no particular pattern by treatment type in 1998 (F 5 , 30 Ͻ 1.25 for both ßight periods). It is not clear what this predatorÕs role is with I. pini, but Lasconotus subcostulatus Kraus is a known predator of Ips paraconfusus (LeConte) (Hackwell 1973) . Unlike the other three predators known to be associated with I. pini, it is abundant late in summer (Table 1) . Few parasitoids were caught in these traps. Only I. pini, E. lecontei, T. chlorodia, and E. sphegeus showed treatment effects (Table 2) .
In both years, we trapped more I. pini in the late (total ϭ 2201) than early (total ϭ 1430) ßights. The overall female to male ratio was 57:43. Females and males showed similar responses to treatments (F 1 , 1290 ϭ 1.60; P ϭ 0.206). Because year-byϭtreatment interactions were signiÞcant (F 5,30 ϭ 7.96 and P Ͻ 0.0001), statistical analyses for I. pini were conducted separately for each year (Table 2 ). In both years and ßights, I. pini was consistently more attracted to 3(ϩ)/ 97(Ϫ) ipsdienol, with or without lanierone than to other treatments (97% of 3634), with the exception of the 3(ϩ)/97(Ϫ) ipsdienol with lanierone treatment of the early ßight in 1997 (Table 3) . Attraction by I. pini to 3(ϩ)/97(Ϫ) ipsdienol tended to be greater in the absence than presence of lanierone in the early and late ßights of 1997, although the difference was not signiÞcant. Presence of lanierone did not affect response to 3(ϩ)/97(Ϫ) ipsdienol during either period in 1998. In contrast to the pattern of seasonal abundance observed for I. pini, the predators T. chlorodia and E. lecontei were relatively more abundant in early summer. These two predators were attracted to a broader range of lures than I. pini (Table 3) . Temnochila chlorodia showed signiÞcant treatment effects only in the early summer 1998; insufÞcient numbers were available for statistical comparisons during other periods (Table 1) . During early summer 1998, T. chlorodia showed a greater attraction to 3(ϩ)/97(Ϫ) ipsdienol alone than to 75(ϩ)/25(Ϫ) with lanierone (Table 3) .
Only data from late 1997 and early 1998 had sufÞ-cient numbers of E. lecontei to conduct statistical analysis (Table 1 ). In the early 1998 ßight period, 50(ϩ)/50(Ϫ) or 75(ϩ)/25(Ϫ) ipsdienol, both with lanierone, attracted higher numbers of E. lecontei than treatments without lanierone (Table 3) . This same trend is evident in late 1997, although signiÞcant differences were not detected (Table 3) .
We combined numbers of T. chlorodia, E. lecontei, and E. sphegeus to compare total numbers of predators with the number of I. pini. Total predators showed signiÞcantly different responses to treatments only in late 1997 and early 1998 (Table 3 ). In late 1997 the greatest number of predators were captured in traps baited with 75(ϩ)/25(Ϫ) ipsdienol with lanierone compared with 75(ϩ)/25(Ϫ) ipsdienol and 3(ϩ)/ 97(Ϫ) ipsdienol alone (Table 3) . In early 1998, attraction of predators varied signiÞcantly only between 3(ϩ)/97(Ϫ) and 75(ϩ)/25(Ϫ) ipsdienol without lanierone. The least attractive among all treatments for this period was 75(ϩ)/25(Ϫ) ipsdienol. Although lanierone apparently enhanced attraction of total predators to 75(ϩ)/25(Ϫ) ipsdienol in late 1997, this pattern was not seen in early 1998 (Table 3) .
There were more I. pini and predators in 1998 than 1997 (Table 1) . Numbers of I. pini and predators increased by 3.65-and 4.86-fold, respectively, from 1997 to 1998. Overall, ratios of I. pini to predators were much higher in late than early ßights because of lower numbers of predators in late ßights. The ratios were consistently higher in traps baited with 3(ϩ)/97(Ϫ) ipsdienol, with or without lanierone.
Discussion
The temporal overlap between I. pini and its predators was greatest in early summer ßights. During the late ßights, I. pini was most abundant, whereas numbers of predators dropped to low levels at that time. These observed temporal differences between prey and predators may be useful for developing and implementing effective trap-out or predator augmentation programs for I. pini. For example, 3(ϩ)/97(Ϫ) ipsdienol without lanierone provides the highest I. pini/predator ratio in late ßights, and so would be the most appropriate lure and time for use in largescale trap out programs for I. pini in California.
Behavioral differences observed between I. pini and predators in this study parallel those observed in Wis- consin (Aukema et al. 2000b ). In Wisconsin, I. pini was preferentially attracted to higher ratios of (ϩ) ipsdienol, and lanierone synergized their attraction to ipsdienol. Among predators, T. dubius responded to similar enantiomeric ratios of ipsdienol as their prey, whereas P. cylindrica and P. parallelum (Say) primarily responded to (Ϫ) enantiomers of ipsdienol. Lanierone did not affect trap catch of any of these predators. Seasonal abundance patterns of I. pini and predators were also similar between California and Wisconsin. Higher numbers of I. pini and lower numbers of predators late in the season was the common pattern in both studies. These studies complement one another in showing that exploiting behavioral disparities in chemical response between pest and predators and timing of lure deployment provide useful approaches for conserving natural enemies and efÞ-ciently removing pest beetles during trap-out programs. We observed enhancement in responses of E. lecontei to ipsdienol by lanierone (Miller et al. 1997) in one of our ßight periods. To some extent E. lecontei behave as if they were responding to blends of pheromones produced by the eastern or midwestern populations of I. pini. These results support the view that disparities between the relative preferences of predators versus prey for speciÞc stereoisomers and synergists may evolve partially as a response to predator recognition (Raffa and Klepzig 1989; Teale et al. 1991; Raffa and Dahlsten 1995; Aukema et al. 2000a, 200b) .
Predator species differed in their response to the presence of lanierone. There was also a trend in this study, which has been demonstrated by others (Raffa and Dahlsten 1995, D.L.D., et al. unpublished choice test) , for E. lecontei to prefer the enantiomeric ratios of ipsdienol that were the least attractive to I. pini. This further suggests that such disparities among predators may potentially be exploited to attract particular predator species to sites where control of I. pini was needed. Potentially, numbers of E. lecontei could be augmented in California by the use of racemic or 75(ϩ)/25(Ϫ) ipsdienol to areas containing infested trees. Although this type of predator augmentation is yet to be tested in the Þeld, results from studies conducted in other systems are encouraging (Lewis et al. 1979 , Gross 1981 . However, although certain baits appear to have the potential for selectively concentrating predators for augmentative control, it is possible that synthetic predator attractants could interfere with predatorsÕ normal host location processes. Augmentation of predators using semiochemicals depends upon synchrony of ßights of bark beetles and their predators. Unfortunately, we currently know little about the temporal distribution of predators of I. pini in California. Recently, Gara et al. (1999) found that ßight patterns of three most abundant predators of I. pini, E. lecontei, E. sphegeus, and T. chlorodia, in Montana varied within a season. The peak ßights of E. lecontei occurred late spring to early summer, whereas E. sphegeus occurred early summer to midsummer, and T. chlorodia occurred early summer to late summer for a given year.
Even timely applications of carefully selected synthetic lures cannot totally eliminate capture of nontarget insects. However, if they are used in combination with other complementary forest management practices trap-out programs for bark beetles can be greatly improved (Goyer et al. 1998 ). For example, Gara et al. (1999) suggested that harvest scheduling should be coordinated with the life cycle of I. pini and be conducted when peak ßight periods of I. pini are over, at the end of summer or beginning of fall.
In addition, capture of predators can be minimized by using modiÞed traps allowing predator, but not prey, to escape , Valkama et al. 1997 , Ross and Daterman 1998 . For example, Bakke et al. (1983) reduced trap catches of the predator Thanasimus formicarius L., to two predators per thousand Ips typographus (L) by modifying traps in a way that enabled predators to escape. Finally, actual release rates of pheromones are important in determining attraction of predators and I. pini. Reductions in bark beetle trap catches using high release rates of pheromones have been reported in several bark beetle species , Byers 1983 , Schlyter et al. 1987 , Seybold et al. 1992 , Werner 1994 , Ross and Daterman 1998 . In contrast to bark beetles, capture of predators increased with increasing release rates of pheromones (Miller and Borden 1990 , Seybold et al. 1992 , Ross and Daterman 1998 . Thus, through manipulation of timing, enantiomeric ratios, trap designs, and pheromone release rates, trap-out programs and natural enemy conservation may be greatly improved.
